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Abstract 

We examine the issue of generating the perturbatively absent 10 • 10 • 
5 H SU(5)/flipped SU(5)Yukawa couplings in type II D-brane orientifold 
compactifications of string theory both at the perturbative (PER) and the 
non-perturbative (NP) level. We find at the PER level, higher order terms 
like 10 • 10 • 5 H ■ 5 H ■ 5 H ■ 5 H ■ 1 H ■ 1 H in SU(5) may be responsible for 
the relevant quark mass generation in models with general intersecting D6- 
branes. Euclidean D2-brane instantons on the other hand can also generate 
at the NP via the term 10- 10 -5^ -5 -5 -5 the relevant quark masses by 
the use of just the U(l)b brane, for SU(5) and flipped SU(5) GUTS classes 
of models. We provide local examples of rigid 0(1) instantons within the 
T 6 /Z2 x Z,' 2 toroidal orientifold with torsion, whose NP contribution to the 
masses gets minimal as it is induced by just a duplicated disk diagram. 
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1 Introduction 

Intersecting brane worlds (see [1-6] for reviews) provide us with a beautiful arena 
that has become in recent years the main playground for realistic model build- 
ing (RMB) attempts. The main characteristics of these models against previous 
attempts in the context of RMB in string theory is the appearance of the right 
handed neutrino in the massless spectrum localized at the string scale. Often the 
baryon mumber B or B-L are gauged symmetries, hence they survive as global 
symmetries to low energies. This happens since the B A F a couplings, that take 
part in a generalized Green-Schwarz mechanism, give masses to the associated 
U(l) gauge bosons F a . Moreover, in orientifold compactifications of IIA (or IIB) 
in four dimensions, one finds that intersecting D-brane models possess perturba- 
tively absent matter couplings (PAMC) [61] that has singled out all the SU(5)-like 
GUTS. In this case, the relevant Yukawa terms 

(10 (2> o) -10(2,0) -5^), (1) 

[see also section 2] are not allowed in SU(5)-like GUTS from intersecting branes 
due to charge non-conservation. Solutions to PAMC could be provided by the 
existence of instantons generating the relevant couplings. Because stringy instan- 
tons break global U(l) symmetries they can generate PAMC. Hence they have 
been used recently to generate various types of non-perturbative effects [7-59]. 
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Instanton induced phenomenological couplings in the literature exist for the Ma- 
jorana [12-14]/ Dirac [43] masses for neutrinos, //-terms [13], an instanton pro- 
posal [26] for the long standing problem of the perturbatively absent Yukawa cou- 
pling (1) of SU(5)-like GUTS [61] etc. In IIA compactifications with D-branes, 
the relevant non-perturbative effects are induced from Euclidean D2-brane in- 
stantons. The E2-instanton, wraps a three-cycle Tl E2 an d under a U(l) a trans- 
formation the instanton action Se 2 transforms as 

-S Eo h^^^E^fn^C^)] 

e ° B 2 — e i's as 2 e 2 j An S2 , 

An B2 = e^e' 8 ^, (2) 



Q a (E 2 ) = -N a U Ea *[U a -U' a ] (3) 

where the D6-brane wraps the three-cycle Il a and its orientifold image IT^. Chiral 
fermions appears as open strings stretching between the two intersecting branes, 
while the number of chiral fermions between an instanton and a D6-brane a 
is described by the intersection number Is2a- "Charged" fermionic zero modes 
appear at the intersection of E2 and a D6-brane a. If IT^ is the coupling, made 
of a product of i chiral superfields, that is not invariant under a global symmetry 
then the instantons induce F-term couplings such that the superpotential term 
W = Ilj$je E 2 is invariant under the global symmetries. For 0(1) instantons 
wrapping a rigid, orientifold invariant cycle in the internal manifold the charge 
carried by Q a (E 2 ) = —N a TlE 2 * [ILJ is exactly the amount of U(1) Q zero modes 
carried by the fermionic zero modes between E 2 and the D6 a . To establish 
notation a positive intersection number associates to I E2a the transformation 
representation behaviour (QE 2 ,Ei a ). 

In this work, we investigate the generation of the SU(5) up-quark mass cou- 
pling (1)), that was known to be absent perturbatively in all D-brane SU(5) 
GUTS from intersecting brane worlds (IBW's), either in IIA(or in IIB), by find- 
ing a new type of SU(5) gauge group higher, than trilinear, invariant perturbative 
Yukawa coupling in the form 

10-10-5 H -5 H -5 H -5 H -$f , (4) 



where <3>j gauge singlet Higgs fields. In section 2 we present the general form 
of the higher dimensional perturbative coupling responsible for generating the 
up-quark mass based on eqn.(4). We exhibit the presence of this term in a non- 
supersymmetric background. Thus all SU(5) models from intersecting branes 
receive, beyond tree level, non-zero corrections to the mass of the up-quarks. 
In section 3, we exhibit the presence of this perturbative coupling in a N=l 
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super symmetric Z 2 x Z 2 orientifold. In section 4, we discuss a new form of 
instanton coupling which contributes to the mass of the up-quarks and originates 
from the perturbative coupling of sections 2 and 3. We also present a local 
realization based on the T6/(Z2 x Z' 2 ) orientifold with discrete torsion [73], in 
which the instanton contribution to the coupling (1) gets generated by a rigid 
0(1) instanton. 

2 Perturbative induced quark masses for SU(5) 
D-brane models 

2.1 The perturbative term in D-brane models 

Model building based on SU(5)(or flipped SU(5)) GUT models from 4D type IIA 
compactifications, has been hampered as in these models the missing up (down) 
quark masses excluded the models phenomenologically. The first semirealistic 
SU(5) models historically were constructed in [60] (see also some recent work 
on [72], even though in a language T-dual to the one used in intersecting brane 
worlds(IBW)). In the context of IBW a two stack three generation non-susy SU(5) 
based on Z3 orientifolds appeared in [61], where the existing Yukawa couplings 
were listed. Also a toy four stack N=l SU(5) model has been constructed on Z2 x 
Z2 orientifolds in [62] . Moreover, in [63] it was noticed that by a simple rescaling 
of the massless U(l) surviving the Green-Schwarz mechanism, the models of [61] 
were converted into flipped SU(5) ones, while it also appeared that the models 
were missing also the GUT Higgses. In [64] we proposed in which way one can 
identify GUT Higgses in a general non-supersymmetric flipped SU(5) model com- 
ing from intersecting branes and also we identified all the proton decay modes 
and presented a new doublet-triplet splitting mechanism. SU(5) models based on 
intersecting branes have been also constructed in different contexts (e.g. in the 
presence of fluxes; see also [66]) or in the context of other orientifold compactifica- 
tions however, the basic spectrum structure is the one identified in [61], [63], [64]. 
We note that the matter field content (MFC) of an SU(5) GUT is 

TO = (Q,w c ,e c ), 5 = (d c ,L), 1 = z/ c , (5) 

while the MFC of a flipped SU(5) GUT reads 

TOx = (u, d, d c , z/ c ), 5_ 3 = (d c , L), 1 5 = e c . (6) 

In the minimal string version [61], [63], [64], of the SU(5) GUT models there 
are two stacks a, b, of intersecting D6-branes, associated to U(5) , U(l)& branes 
respectively. Its chiral spectrum can be seen in table (1). We note that the chiral 
spectrum of table (1) can be embedded also in a general string construction and 
thus our discussion in this section is quite generic. When embedded in a different 
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string construction, the D6-branes giving rise to the chiral spectrum of table 
(1) may be accompanied by a number of extra space filling D6-branes necessary 
to cancel tadpoles (RR tadpoles in a non-susy model; RR and NSNS tadpoles 
for N=l models). To establish notation, we note that the multiplet 10(2,o) also 
contains the GUT Higgs field which should appear as a vector-like pair as it 
has been firstly noted in [64]. The massless U(l) surviving massless the Green- 
Schwarz mechanism is given by U(l)x seen in table (1) (U(1)y in flipped SU(5)). 
In the ab' sector where I a v = there are present the non-chiral Higgs 5, 5. If 
the SU(5) model is non-supersymmetric then the Higgs fields are coming from 
the lowest massive excitation spectrum of the fermions 5, 5 with the same U(l) 
charges (see [64] for details and also table (1)). 



sector 


number 


U{5) a x U(l) b reps. 


U(l)x 


U(l)y 


(a, a') 
(a,b) 
(b,b>) 
(a, a') 
(a, if) 


3 
3 
3 
1 
1 


10(2,0) 

5 (-l,l) 
1 (0,-2) 

10 (2,0) + ^(-2,0) 

5 a,D 


2 

\ 
5 

2 
i 

(-1) + (1) 


1 

-3 
5 

(l) + (-l) 
(-2) + (2) 



Table 1: SU(5) GUT via intersecting D6-branes : The massless U(l), U(l)x = 
\U{l) a - U(l) b (in a flipped SU(5) parametrization U(1) Y = \U{l) a - \U{l) h ). 
The first three rows describe the chiral fermionic spectrum. The last two rows 
contains the matter Higgses: electroweak 5's, 5's and GUT 10, 10's . 

The Yukawa couplings giving masses to the down-quarks (up-quarks) for SU(5) 
(flipped SU(5)) respectively are given by the tree level expression 10 • 5 ■ 5 H . On 
the contrary the masses for up (down) quarks in SU(5)( flipped SU(5)), are given 
by the coupling (1), which is not allowed by charge conservation in orientifold 
compactifications of string theory. It violates the charge conservation by the 
amount (U(l) , U(l) b ) = (5, 1) units. In this work, our first result is that the 
coupling (1) can be generated perturbatively. One can imagine that the simplest 
solution to the missing mass term (1) may be coming from the potential term 

— (10(2,o) • 10(2,o) • 5^ ;1) • 5f-i-i) ■ 5f-i -i) 

KH kH EH Tff 7/f \ 

-1) ' & (-l -1) ' & (-l,-l) ' i (0,2) • 1 (0,2)/- 

(7) 

However a closer look reveals that a lowest order term exists, able to generate 
the relevant quark masses, via the Yukawa coupling 

— (10 ( 2,o) • 10(2,o) • ■ ' _i) 

s 

•5^1-1) ■ 1(0,2) ' 1(0,2))- (8) 
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The above term is gauge and charge invariant. Its gauge invariance is easily seen 
via the SU(5) tensor products 



10 10 5555~55555~10 5- 5- 5 

~ 10 5 5 (9) 

The term of eqn.(8) cannot be used in the "re-scaled" two stack version of the 
present model that converts it to its flipped SU(5) version as the singlet in this 
case accommodates the right handed electron and cannot get a vev. Instead one 
might try to built a higher than two stack SU(5) GUT that has extra singlets 
to generate the required invariant in (8). The bosons associated to the l(o,2) 
for the non-susy model are part of the massive spectrum that is localized in the 
bb' intersection, that allows as a Higgs field the vector-like pair 1^ ^ + 1^ _ 2 j 
(see [64] and the 2nd ref. of [2] for details). After the associated Higgses receive 
vevs, the order of the quark masses is given by the perturbative evaluation of the 
above correlator which reads 

mu = Y v ± <5"> 4 (l H fe~^ A , (10) 

where A is the worldsheet area of the 8-point correlator in (8) (see also [71]). 

By looking at the formulae (10) we see that the derived U-quark masses 
depend on three quantities, the string scale M S) the vev of 5-plet Higgses, and 
the area suppression factor A. Before we give an estimate of the U-mass, let us 
make some remarks about these quantities. 

With a High string scale: 
The string scale in the present models and in general in models where orientifolded 
intersecting D6-branes wrap a six dimensional toroidal internal space [2], [60], [61], 
[64], [62] takes high values. On the other hand, the vev of the 5-plet Higgses can 
be taken to be (see N=l examples in the next section) either at the electroweak 
scale v = 246 GeV or high at its natural value that could be the string scale 
M s . In the previous case, namely Case I in eqn. (11), the mass of the U-quark 
is very suppressed and is excluded phenomenologically as a typical suppression 
factor can be of the order of 10~ 43 x Exp[-M^A] GeV with M s « 10 16 GeV and 
(5) = v. In the latter case, case II, the natural vev of the 5-plet higgses is of order 
M s and hence the smallness of the up (down) quark masses is achieved from the 
exponential area suppression factor. The relevant estimates are summarized in 
eqn. (11). We assume that the areas of the second and third tori are close to zero 
and the eight term coupling can be approximated as Mu ~ e --Ri-R2M s 2 /i( 8 ) = e -A 
where the A-area may be of order one in string units. 
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< M 4 M7 3 e- A if (5^) ~ v, (1) ~ M s : Case I; 



High M a 
my ~ < 



k M s e- A if (5 H ) ~ ~ M s : Case II , 

(11) 

The value of the up-quark as a current quark mass estimate (see p. 479 of [65]) 
in the MS, is between 1.5 - 4.0 MeV. Hence, in Case II for a typical value of the 
string scale M s = 10 16 GeV, the mass of the up-quark e.g. 2 MeV is achieved for 
a suppression area factor " ' A « 18.7. 

Summarizing, case I is excluded in models with a high string scale and the 
assumptions made in eq. (11). On the contrary, case II as it appears in eq.(ll) 
is valid in D-brane models with a high and also a low string scale as it is shown 
next. In the following, we numerically examine under which conditions cases I, 
II are also valid in models with two extra dimensions, where we re-named them 
as Cases III, IV, respectively. 

With a Low string scale; Models from Extra Dimensions: 
In type I compactifications if there are extra compact dimensions transverse to 
all stacks of branes then the string scale can be lowered to the TeV region and the 
gauge hierarchy problem is solved even without the presence of N=l supersymme- 
try [76]. The only known realization of this scenario where the Standard model 
can be constructed in a string construction has appeared in the Standard-like 
models of [77], [78] where the D5-branes are filling M4 and wrapping two-cycles 
in the extra dimensional space T 4 xC/Z^. In [78] we have generalized the 4-stack 
constructions of [77] incorporating other four stack quiver SM's and also accom- 
modating the deformed Standard model configurations that have been used in the 
5-and 6-stack SM-like models of [79], [80]. In those constructions, the D5-branes 
get localized at the orbifold singularity and only the massless chiral spectrum 
of Standard Model remains at low energy (in addition to some scalars where in 
cases could become tachyonic). 

For the purposes of this paper we will silently accept, for the remaining of 
this section, that the relation (11) also holds and in SU(5)-like constructions from 
models with intersecting D5-branes, wrapping 2-cycles in T 4 x C/Z N and having 
two extra dimensions transverse to the branes. String SU(5) models with two 
extra dimensions that localized the SM do not exist at present in the literature 
and may appear in [81]. In this way, if the 1 TeV < M s < 10 TeV we see that 
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in case III, we get that the mass of the U-quark gets calculated in eqn.(12). 

M~ 3 ■ e~ A GeV; (5 H ) ~ v, (1) ~ M s ~ 1 TeV, Case III 

M s ■ e~ A GeV; {5 H } ~ (1 H ) ~ M s , Case IV 



Low M, 

mu ~ 



(12) 



M s 


1 TeV 


5 TeV 


10 TeV 


1 TeV 


5 TeV 


9 TeV 


10 MeV 




1.5 MeV 


1.5 MeV 


1.5 MeV 


4 MeV 


4 MeV 


4 MeV 


4 MeV 


A 


7.80 


2.97 


0.89 


6.82 


1.99 


0.228 


-0.088 



Table 2: Case III: Values of the String scale M s versus the area A, the mass of 
up(U)-quark M u and the vev of the singlet Higgses while keeping constant the 
values of the up-quark and the vev of the electroweak Higgs of the order of the 
eletroweak scale v = 246 GeV. 



In Theories with Extra dimensions: M q 



subject to 1 TeV < M s < 9 TeV 



In particular the area factor expressed in terms of M s , M u , reads 

M? Mrj 



A 



(13) 



From table (2), we observe that in Case III, when the string scale is low and the 
Higgs 5 H takes a vev of the order of the electroweak scale v = 246 GeV, the string 
scale is subject to an upper limit; its value can take any value from one (1) TeV 
to nine (9) TeV . For M s = 10 TeV the area turns negative(we kept constant the 
value of the U-quark mass). On the other hand in Case IV, there is no constraint 
in the value of the string scale from first principles as the hierarchical mass of the 
up-quark 1.5-4.0 MeV is derived from the area suppression in the exponential. 



3 Perturbative application to a 4D Z2 x Z2 IIA 
N=l SU(5) with D6-branes 

An example of a N=l supersymmetric SU(5) model exhibiting the relevant per- 
turbative mass term for the up-quarks can be seen by choosing for example the 
model II. 1.1 of [67]. The models come from an orientifold compactification of type 
IIA on a six-dimensional torus in a background of a Z 2 x Z 2 orbifold symmetry. 
The relevant rules for calculating the spectrum are summarized in appendix A. 
In this SU(5) model there are no filled branes to satisfy RR tadpoles. The wrap- 
pings are reproduced for convenience in table (3). The initial gauge group is a 
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U(5) x U(l) x U(l) 


D6 


N 


(n 1 ,/ 1 ) x (n 2 ,/ 2 ) x (n 3 ,P) 


«m 




b 


c 


b' 


d 


a 
b 

c 


10 

2 
2 


(0,-1) x (1,4) x (1,1) 
(-1,3) x (-1,4) x (1,1) 
(-1,0) x (-1,4) x (7,1) 


-3 
-6 
27 


3 

-42 
-27 





24 








-96 






N=l / SUSY / condi 


tions xb = 1 


iX A = 4:X C 



Table 3: N=l Z 2 x Z 2 SU(5) chiral spectrum 



17(5) x 17(1) x £7(1). There are two massless U(l)'s given by 6U(l) a + 5U(l) b , F c 
and a massive — 5C/(1) + 6C/(1)&. The F c U(l) could be broken by the vev of the 
l(o,o,-2) multiplet. 

In the present case the up-quark masses may receive perturbative contribu- 
tions from the gauge invariant expression (4). For this particular model there are 
two different Yukawa contributing to the mass of the up-quarks. In the first mass 
term, see eqn.(14), we are using the Higgs 5-plets from the N=2 ab sector and 
the gauge singlets from the bb' sector. In the second mass term contribution, see 
eqn. (15), we are using the Higgs 5-plets from the N=2 ac' sector and the gauge 
singlets from the cc' sector. 

-^10(2,0,0) • 10(2,0,0) • 5(^1,1,0) • 5(^i,i,o) • $(-1,1,0) • ^(-1,1,0) • 1 (0,-2,0) ' 1 (0,-2,0) ( 14 ) 

— 10(2,o,o) • 10(2,0,0) • 5(^i,o,-i) • 5(^i,o,-i) • 5(^i,o,-i) • ^f-i,o,-i) ' 1 S,o,2) • 1(0,0,2) ( 15 ) 

8 

The mass of the up-quarks can be distinguished according to the order of the 
vacuum expectation value of the Higgs 5-plets and the gauge singlets. The up- 
quark mass estimate to both cases of eqn's (14), (15) is identical to that of 
eqn. (11). See the subsection (4.2), for a comment on the associated Yukawa 
couplings of eqn's (14), (15), that can generate additional contributions to the 
mass of the up-quarks through multi-instantons. In the present class of models, 
the perturbative mass of the up-quarks is a linear combination of the couplings 
(14) and (15). 

4 Instantons and missing SU(5) masses 

4.1 General SU(5) u-mass instanton solutions 

An instanton mechanism that can potentially generate the missing up (down) 
quark coupling for an SU(5)/flipped SU(5) GUT of eqn. (1) was proposed [26] 
(without presenting details on a particular 0(1) instanton solution), that uses 
three disk diagrams involving the SU(5) a and the C7( 1)& D6-branes to absorb the 
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relevant zero modes. In this case the violation of the U(l) charge that has to be 
absorbed by the instanton is the excess charge (U(l) a , U(l)b) = (5, 1). 

In this work, we find that the up (down) quark masses may also receive contri- 
butions to their masses via a different instanton mechanism. It can be generated 
by an E2-instantons carrying gauge group 0(1), Sp(2) or U(l) and having the 
appropriate zero mode structure. For the case of the gauge group 0(1) we present 
in the next section the explicit form of the 0(1) stringy instanton. We find that 
stringy instantons give rise to the up (down) quark mass coupling via the coupling 

-^(10 (2i o) • 10 (2i o) • .^S^i .^S^i .^S^i _!)) , (16) 

s 

(17) 

where we have used the general two stack D6-brane SU(5) Grand Unified model 
structure of section II. The excess charge which has to be absorbed by the in- 
stanton is U(l)b = —4. This coupling violates the U(l)b symmetry and thus is 
perturbatively forbidden. Hence a non-perturbative contribution to the superpo- 
tential generated by a E2 instanton is a viable possibility. A general E2 instanton 
wrapping a three cycle and placed away from the orientifold fixed plane gives rise 
to four bosonic zero modes arising from the breakdown of the Poincare invariance 
and also four fermionic zero modes a , f„ in the uncharged sector. 

To generate a superpotential contribution we need instantons with 0(1) Chan- 
Paton symmetry. These instantons are wrapping a rigid orientifold invariant 
three cycle, generate an (9(1) gauge group on their volume and possess the two 9 a 
uncharged instanton zero modes which saturate the d 2 9 4d superspace integration. 
Hence each rigid 0(1) instanton carries two neutral fermion zero modes, the 
goldstinos of the susys it breaks. However, as was noted in [23] instantons with 
Sp(2) or U(l) CP symmetries may also generate the relevant superpotentials 
if there is additional dynamics, e.g. fluxes, that can saturate the extra zero 
modes that could appear in those cases. Hence the induced instanton charge 
that cancels the U(l)b violation has the following intersection numbers between 
the i?2-instanton and the D6 b-brane 

Sp(2) case : 7e 2 & = —2, 
0(1) case : I E2 b = —4, 
U(l) case : I E2 b = -2, 1e*v = 2 . 

(18) 

Thus in general we need four charged zero modes, a " doublet" x of a\ zero modes 
coming from the intersection of the instanton M and the D6b brane and another 
"doublet" of 7* zero modes coming the intersection of M with DQy. Since the 
instanton lies in a fla invariant position this guarantees that the uncharged part 

1 The term "doublet" is used in a broad sense; not connected to the group representation. 
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of the instanton measure contains two fermionic 6 a and four bosonic degrees of 
freedom x M . The zero modes appearing in the intersections (18) gets saturated 
by two identical disk diagrams seen in figure 1. 




b' 



Tb 



10 



Tb a b 

E2 



Figure 1: Absorption of charged zero modes by the instanton 



These disk diagrams induce the non-perturbative contribution to the Yukawa 
coupling for the u-quarks which is based on the calculation of the path integral 



-^3 J d 4 x d 2 9 d 2 a d 2 je- s z2 S e z '(aXj)(aX-f) 



X{ — Xj 



10 • 5 H ■ 5 H 



(19) 



Also S^ s is the classical instanton action for the Ei instanton, t'- 



z is the holo- 

morphic part of the one-loop determinant arising from the annulus and Mobius 
diagrams ending on the instanton and the D6-branes or O-plane respectively; it 
can be interpreted as the one-loop Plaffian. The existence of the path integral 
denotes the fact that all charged zero modes arising at the instanton intersections 
with D6-branes can be soaked up via disk diagrams < A" i/2^a&^_i/2 > > where 
&ab = (fiab + @4>ab denotes the chiral superfield arising at the intersection of branes 
a and b; A, denote the charged zero modes (see for example [57]). The instanton 
suppression factor in (19) is 



where the ™ E21 is given by 



Voice 



Vol 



E2i 



Vol 



D6 a 



l t 3s 



■ VoU 



a a Vol D6a 




K) 2 + (mi) 2 U 2 



(20) 



1/2 



(21) 
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To generate the 0(1) MeV order of the up-quarks, or the (9(200) GeV mass of 
the top quark, assuming that there is no perturbative term which contributes to 
the quark masses, we need instanton suppression 2 factors 



e 



—5™ u~quark 



10 



-21 



e 



-SgL t-quark 



1Q -16 



(22) 



respectively, which are rather large estimates. We assume that the string scale 
« 10 18 GeV. Of course models with large numbers of exotics could achieve that 
goal, as we comment in the next section. Clearly such a model has to be pre- 
sented for this scenario to be realized. See next section, where in a particular 
local N=l Z 2 x 7*2 model, typical suppression factors are in the range 10 -4 for 
the MSSM and can be as large as 10~ 21 when large number of exotics are present. 
Thus in general the instanton eq.( 19), constitutes a subleading correction to the 
perturbative mass term of the U-quarks, the latter given in eq.(8). 
To be more concrete lets us comment on the 3x3 Yukawa coupling mass 
matrix for the up-quarks. The full matrix is a sum of a perturbative and a 
non-perturbative part. The perturbative generated Yukawa contribution to the 
masses, expressed by eq.(8), leads to Yukawa coupling matrices in the form 



We note that in general due to the instanton suppression factor ^> B^i may 
hold for arbitrary i, j, k, I. The precise form of the Aij also depends on the inter- 
section numbers of the particular D-brane model. For the class of 0(1) instantons 
in eqn.(19) the mass matrix factorizes, giving a rank one matrix, thus the instan- 
ton contributes a correction to only one generation of U-quarks. As there is 
present the perturbative contribution to the U- mass, the instanton correction 
suggest to us that it may be contributing to the heaviest generation, the third 
(assuming that it is the one associated with the top quark). A different scenario 
could be realized in the following way. Let us suppose that the perturbative mass 
matrix has a texture that it leads to a rank one matrix. In this case, we can 
identify the non-zero perturbative mass eigenvalue with the mass of the third 
generation generating the mass of the top quark, while the rank one instanton 

2 Additional worldshect instanton suppression factors could also be created in the calculation 
of disk amplitudes associated with the intersection structure of the participating branes [19]. 




(23) 



while the non-perturbatively generated instanton part is also given by 




(24) 
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mass matrix can contribute to the mass e.g. of the second heaviest generation of 
the up-quarks, leaving massless the lightest generation, the first one. 

After integrating out the charged zero modes the superpotential instanton 
contribution appears 

J d 4 xd 2 9 Y{j {D) 10 10 5 5 5 5 . (25) 

The factor Y accommodates the classical suppression factor and e z ', as well as 
the contribution of the disk amplitude (aX r y)(aX r y), the latter depending on 
the open string moduli in the sums of worldsheet instantons that connect the 
intersection points. 

4.2 Instantons on the N=l local model of section 3 

Lets us now make some observations concerning the N=l Z 2 x Z 2 string model 
appearing in section 3. We have seen that for this model there are two different 
mass terms contributing to the mass of the up-quarks. Accordingly, we assume 
that the wrappings of this model constitute the "observable part' of a local model 
on a N=l Z 2 x Z' 2 , with no tadpole cancelation at this level. In this case, we 
find that there are two potential contributions to the up-quark mass through 
instantons. To saturate the instanton zero modes in this case, we will need a 
duplicate of the two diagrams of figure 1; the one pair identical to that of figure 
1 and the second pair having replaced the b D6-brane with the c D6-brane. The 
instanton couplings for which instantons that may also additionally contribute 
corrections to the u-masses are 

— 10 (2A o) • 10(2,0,0) ' 5(L 1)1>0 ) • 5f-i,i,o) ■ 5(^i,i,o) • ^f-i,i,o) ( 26 ) 

s 

with excess charge U{1\ = 4 to be absorbed by one instanton and also 

"^5 10(2,0,0) • 10 (2,0,0) ' 5(^1,0,-1) • 5f-l,0 -1) • 5(^1,0,-1) • 5f-l,0 -1) ( 27 ) 

with excess charge to be "absorbed" by another instanton U(l) c = —4. In this 
case, we will need at least two different 0(1) instantons to absorb the relevant 
charges. An example of a single 0(1) instanton compensating an excess charge -4 
and generating the up-quark masses is described in the next section. In principle 
a set of two instantons typically has more neutral zero modes than is needed to 
lead to a superpotential. If you consider a set of two 0(1) instantons, in principle 
you have eight charged fermion zero modes that have to be absorbed. For a 
multi-instanton process to contribute to the superpotential, one needs to make 
sure that all the extra fermion zero modes are lifted by some interaction. This 
has been shown only in few examples in [44]. More details will be presented 
elsewhere. 
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4.3 O(l) instantons for U- masses to a local Z2 x TL^ II A 
N=l SU(5) 

In this section, we will examine local setups of the stringy 0(1) instanton, that 
can generate perturbatively the up-quark mass in SU(5) models, based on a 
background of an orientifold T 6 /Z 2 x U 2 with Hodge numbers (/in, /122) = (3, 51), 
the so called T 6 /Z2 x Z' 2 with discrete torsion. In these models, the orbifold 
quotient and the choice of discrete torsion is such that they contain rigid branes 
that freeze the position of the branes at the fixed points of the orbifold fixed points 
where the twisted cycles arise. Hence the corresponding adjoints associated to 
the transverse translations of the branes may not exist (models with completely 
rigid cycles have been considered in [75]. See also [74] for related constructions 
in type IIB). 

Lets us consider the chiral spectrum displayed in table (4). It corresponds to 
an initial SU(5) a x U(l) a x U(l) b gauge group at the string scale. The mass of 



sector 




hj 




SU(5) a x U(l) a x U(l) b 


(a, a') 
(a, a') 
(a, b) 

(a, V) 
(b,b>) 


3 
1 

38 


26 


10(2,0) 
15(-2,0) 

5 (-l,l) 

°(1,1) + °(-l -1) 
1(0,2) 



Table 4: Chiral matter for local N=l SU(5) GUT model with intersecting D6- 
branes on the Z 2 x Z 2 orientifold. 

the up-quarks is given by the coupling 10( 2 ,o) • 10(2,o) • 5^ ^ which is not allowed in 
perturbation theory due to the non-conservation of U(l)b charge. We will rather 
generate this coupling in this section in two ways, a) via non-perturbative effects 
from 0(1) instantons and b) from perturbation theory at the end of the section. 

The matter D6-branes are described by fractional branes that carry charge 
under one twisted sector. They wrap D6-branes along untwisted bulk and twisted 
three cycles. The bulk part of the wrappings is given in table (5). For the choice 



brane 


(nV 1 ) 


(n\l 2 ) 


(n 3 ,/ 3 ) 


N a = 5 


(3,4) 


(0,-1) 


(1,1) 


N b = l 


(1,3) 


(-4,1) 


(-1,1) 



Table 5: N=l Z 2 x Z 2 SU(5) Bulk wrapping numbers 

U 1 ^ = -, -12U 3 + 36U 1 - IW^U* = 0, (28) 
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N=l supersymmetry is obeyed by the D6-branes, as they align with the orientifold 
planes. The complex structure moduli C/j = (R 2 / Ri)( l \ where i denotes the i-tori 
could be fixed according to the eqn's (28). An example value, solving the complex 
srtucture constraints (28), is the choice 

^ = 3,^ = ^,^ = 1 (29) 
For definiteness we make the choice of crosscap orientifold charges 

rjrnz = 1 rjnne = 1 Vrnze' = -1 Vmzee' = 1 (30) 

The fractional matter D6-branes wrap fractional cycles, cycles are charged only 
under one twisted sector g in the form 

* F = \* B + \ ( E 4 K >< « B M')] ) ■ (si) 

\i,jes g J 

This class of cycles are only rigid in two tori and can move freely in the torus 
invariant under the action g. Then, for two fractional branes charged under a 
different twisted sector the intersection number is simply given by 

3 

*f °*f = H«ml-nlml l ) (32) 
i=i 

The fractional 3 D6-branes generating the chiral matter spectrum of table (4) 
read 

a:i[(3,4)(0,-l)(l,l)]+ \ [ E K x & ^ ) 

\ije(2,4)x(3,4) / 

6:^[(1,3)(-4,1)(-1,1)] + M E K-x(-M)]] (33) 

\ije(l,4)x(3,4) / 

Given our choice of fractional branes, if we were making another choice of crosscap 
charges e.g. as the one in appendix 8 of [73] , our new choice may only have affected 
the numbers of antisymmetric and symmetric representations in the spectrum. 
In the latter case all K-theory constraints listed in [73] would have been satisfied. 
The next, beyond the tree level, general gauge invariant responsible for generating 
the mass of the up-quarks in the local SU(5) model via 0(1) instantons is 

(10 ( 2,o) • 10(2,o) • ■ 5(^i,-i) ' _i) • (34) 



3 Further details on the notation we are using can be seen in appendix B. We are using an 
identical notation to [59] . 
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This mass coupling is not allowed in perturbation theory as there is a non-canceled 
U(l)b = —4 excess charge. We have used the N=2 Higgses 5-plets from the ab' 
sector in order to generate it. The 0(1) instanton able to and generating the 
dim=7 operator (in superpotential form) 

W non _ pert = -TTj 10(2,o) • 10(2,o) • _i) • 5 ( _! _ 1} • 5 ( _! _ 1} • 5^ _ 1} e" ™ s (35) 

s 

thus absorbing the excess zero modes and giving a mass to the up-quarks is given 
by 

£2i =i[(l,0)(0,l)(0,-l)] + i I Yl [<x(<W) 

jG(l,3)x(3,4) 

S-x(l,0)])+i( [flfx(0,l)] I. (36) 



The fractional instanton is charged under all the different twisted sectors of the 
orbifold. The meaning of (*, *) x (*, *) is that we can choose any combination of 
the following set of fixed points {(1, 2) x (1,2); (l,2)x(3,4); (3,4)x(3,4); (3,4)x 
(1, 2)} the bulk wrappings of the fractional brane can go through, as there is no 
restriction from first principles. In a similar way 4 , (•, •) x (•, •) means that 
we can choose any combination of the following sets {(1,3) x (1,2); (1,3) x 
(3,4); (2,4) x (1,2); (2,4) x (3,4)}. The instanton of eqn.(36) gives rise to the 
intersection number pattern 

lE2 ia = 0, W = "4 (37) 

thus canceling the U(l)b charge violation of (34). The relevant string diagrams 
generating the superpotential term are given in figure (1). All the states from 
the N=2 sector E 2l — a are massive. The bulk part of both E 2l , a, D6-branes 
is parallel across the second torus, while simultaneously the twisted part of the 
branes runs through different fixed points. Thus all N=2 states gets massive and 
there are no vector-like states from this sector. The factor | is due to the fact 
that the D6-brane wraps a fractional cycle while the instanton a rigid one. 

Let us now derive some estimates on the instanton suppression factor for the 
local models of this section. Let us assume a a = 1/24, as in the MSSM, at string 
scale. If we choose the complex structure moduli, from eqn.(28), to be stabilized 
by the choice U 1 = 1, a N=l consistent solution for the complex structure is 
U 3 = 3/4, U 2 = 36/13. In this way, we get the suppression factor 



5CL 



1(T 4 . (38) 



4 we follow the notation of the fixed points detailed in [73]. 
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Several values of acur against the suppression factor may be seen in table (6). 
Cases with the mark x : are phenomenologically excluded as their contribution 
is bigger that the order of the mass of the quark. 



O-GUT 


1/24 


1/30 


1/123 


1/124 


125 


— S ci 

e B2 i 


1(T 4 


io- 5 


4.43 x 10~ 21 


3.03 x 10- 21 


2.07 x 10- 21 


M u (MeV) 


x : 10 iY 


x : 10 iei 


4.43 


3.03 


2.07 



Table 6: acur and instanton suppression factor values against the instanton 
contribution to the U-quark masses, for Georgi-Glashow SU(5)-type GUTS, from 
eqn.(39). 



We observe that for D-brane models with a lot of extra matter clout >>> in- 
stanton suppression factors become large enough, so that they contribute signifi- 
cant corrections to the mass of the U-quarks for Georgi-Glashow GUTS( Equiv- 
alently for the instanton contribution to the down quarks for Flipped SU(5) 
GUTS). 

Apart from string instantons which give rise to such a superpotential mass 
term in eqn. (35), a perturbative contribution to the up-quark mass exists for 
the present Z 2 x U 2 models in the form 

Kn = 1 "' a ff M V - 1 ,-, ) ) ' <5f. w) > ■ (5f. w) > ■ <6f. w) ) ■ (1(0,,) ■ Me-* 

(39) 

giving a mass of order & M s e A . 

We have shown that the long standing problem of missing up (down) quark 
masses that has singled out the global SU(5)/fhpped SU(5) D-brane models in 
orientifold compactifications of type II theory can be resolved in terms of the 
previously unknown Grand Unified SU(5) GUT invariants 

10 • 10 • 5 H ■ 5 H ■ 5 H ■ 5 H (40) 

from higher orders of perturbation theory. Hence in all SU(5) models in IIA 
theory from intersecting branes, or in its dual theory in 4D SU(5)'s from IIB 
with or without fluxes, the relevant up-quark masses gets generated, minimally, 
from the dim=9 mass terms (8). As we have noted a perturbative mass term is 
not possible for flipped SU(5) GUTS. 

We have also shown that Euclidean E2-instantons based on the new couplings 
can also contribute NP corrections to the mass of the relevant quarks. The 
presented instanton related mass corrections arising in eqn. (40) from SU(5) gauge 
invariants are also valid for the flipped SU(5) GUTS. 

These corrections can be also extended to perturbatively generate missing up- 
quark and also its instanton associated u-quark mass contributing invariants, in 
higher GUTS. These are the ones with SU(6)/flipped SU(6) gauge groups where 
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the problem of missing up(down)-quark masses is more acute as also the lepton 
masses are not allowed in perturbation theory. The relevant gauge invariants now 
appear in the form of 




(41) 



in terms of SU(6) representations and are discussed in [82]. 
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In this section we summarize the main points of the construction, and the details 
of our notation we are using in section 3. 

We start with type IIA theory on T 6 /(Z 2 x Z 2 ); with the orbifold group 
generators 9, oo acting on the complexified coordinates of a factorizable T 6 = 
T 2 x T 2 x T 2 tori as 

9: (z 1 ,z 2 ,z 3 ) -> (-Z!, -z 2 ,z 3 ); 9' : (zi, z 2 , z 3 ) -> (zi, -z 2 , -z 3 ). (42) 

We implement an orientifold projection by QR, where Q is world-sheet parity, 
and R acts as 



To cancel the RR charge of the 06-planes, we introduce D6-branes wrapped on 
three-cycles that are products of one-cycles in each of the three two-tori. Each 
one-cycle is described by the wrapping numbers (n l a , l l a ). Under an QR reflection a 
cycle (n l a) l l a ) is mapped to (n\, —l l a ). That means that at the level of the spectrum, 
for a stack of N a D6-branes along the cycle (n l a , l l a ) we also need to include its 
image with wrapping numbers (n l a , —ID- A torus can be tilted or untilted. For 
a tilted torus I — n is even. Avoiding multiply wrapped branes requires that m 
and n are relatively coprime, for tilted/untilted tori. 

By convention to describe rectangular and tilted tori cycles we define 



6 Appendix B - T 6 /Z 2 x Z 2 Orientifold 



R : (z 1 ,z 2 ,z 3 ) -> (z!,z 2 ,z 3 ). 



(43) 



V a = m l a , rectangular, l\ = 2m l a = 2m\ + n\, tilted. 



(44) 
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. The intersection numbers of the homology cycles are computed using 

i ab = [rq [n 6 ] = 2~ k uUWi ~ ^ = [n„] [n 6 ,] = -2~ k uUWi + n i l i) 

ha> = [Tia] [n a ,]=-2 3 -*nL(«), 

I aQ6 = [n a ][n D6 ] = 2 3 - fe (-ffl3 + jl^S + n lj2 n 3 + n l n 2 Z 3 } 

(45) 

where /c = f3\ + /3 2 + is the total number of tilted tori; by definition (3 = for 
untilted tori; f3 — 1 for tilted tori. 

The open string spectrum for branes intersecting at angles appears in [62] and 
is described in table (7). 



Sector 


Representation 


aa 


U(N a /2) vector multiplet 
3 Adj. chiral multiplets 


ah + ba 


lab {Da, Ob) fcrmions 


ab' + b'a 


lab' (□«,□&) fcrmions 


aa' + a' a 


\{I aa > - \l a ,Of>) U2 fcrmions 
\{I aa > + |4,oe) B fc rmions 



Table 7: Spectrum of intersecting D6-branes 



7 Appendix C - T 6 /Z 2 x Z' 2 Orientifold 

In this appendix we briefly review the T 6 /Z2 x Z' 2 orientifold with Hodge numbers 
(/in, hi 2 ) = (3, 51) following [73], to which we refer the reader for further details. 
The orbifold group acts as in eqn.(42) and where the combination 99' acts as a 
reflection in the first and third torus. Also present are the bulk cycles 

Hf = 4(g) «[«']+ mM), (46) 
i=i 

described in terms of the fundamental one- cycles [a 7 ], [b 1 ] of the J-th T 2 and the 
associating wrapping numbers and m l a = + P 1 ^. we note that /3 1 takes the 
value and 1/2 for rectangular and tilted tori, respectively. We have also present 
the (/-twisted cycles. The action of the group elements, 9, 9' and 99' possess 
16 fixed points which after blowing up give rise to two-cycles of Pi. Together 
with the fundamental one-cycle invariant under the respective group action the 
g-twisted cycles are constructed as 

(47) 



n 9 . 



a fj x {n l9 ,m l3 ) 
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In particular i,j e {1,2,3,4} x {1,2,3,4} labels one of the 16 blown-up fixed 
points of the orbifold element g = 9, 9', 99' eZ 2 x Z 2 ; I g represents the ^-invariant 
one-cycle with I g = 3, 1, 2 for g = 9, 9', 99'. 

Rigid cycles are charged under all three sectors 9, 9' and 99' and take the form 

u " = i nB + 1 ( £ 44) + 1 ( £ «) + j( £ 4"n?f ) • («) 



i,keS. 



0(1' 



where S g is the set of fixed points in the (/-twisted sector. The ef - = ±1 corre- 
spond to the two different orientation the brane can wrap the blown up they 
are subject to other consistency conditions which can be seen in detail in [73], 
including RR tadpoles and homological K-theory theory constraints. We do not 
list tadpole equations as for the purpose of this work, we use only local models 
on the Z 2 x Z' 2 . 

The orientifold action WZ for the bulk cycles appears as 

Q1Z : [(ni,mi)(n 2 ,m 2 )(n 3 ,m 3 )] -> [(ni, -fhi)(n 2 , -m 2 )(n 3 , -m 3 )]. (49) 

For the ^-twisted cycle the f27?. action is defined as 



Wl : 

where r]nn g = 
obeys 



af - x (n Ia ,m Ia ) 



a 



(50) 



±1 denotes the orientifold charges of the different sectors and 



Vmi Vrnie Vrnze' Vrniee' 



-1. 



(51) 



The reflection 7£ leaves all fixed points of an untilted two-torus invariant and acts 
on the fixed points in a tilted two-torus as 



K(l) = 1, 11(2) = 2, 11(3) = 4, 11(A) = 3. 
Under the orientifold action (49) the orientifold appears as 
Tree = 2 3 mn [(1, 0)(1, 0)(1, 0)] + 2 3 - 2ft - 2ft rjmze [(0, 1)(0, -1)(1, 0)] 



(52) 



+ 2 3 - 2 ^3 now [(l,0)(0,l)(0,-l)] + 2 3 - 2 ^- 2 *^, [(0,-l)(l,0)(0,l)] 

The chiral matter spectrum is given by the intersection numbers of table (8). 
Through out the paper we associate to positive intersection number 7r a o ir b to 
matter transforming as the bifundamentals of (a,b). See also comments in the 
introduction. Given two branes a and b intersection numbers for the bulk part 
are defined as 

3 

*f °*£ = 4lJ(nimj-njmi) (53) 
i=i 
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Representation 


Multiplicity 


L 


1 


a 

Ja 


k ( n a °K + n a° 71"06) 

\ (vr a o n' a - vr a o 7r 06 ) 


(a, 


b) 


7T a O 7T 6 


(a, 


b) 





Table 8: Chiral spectrum for intersecting D6-branes. 



and for the twisted sector they are defined as 

i% x (ni« , rr#)l ° \a h kl x (n£ h , m[ h )1 = 4 <5 lfc (n£ mj h - n[ h m£ ) . (54) 



a. 



Furthermore, N=l supersymmetry is preserved by the branes as long as each 
brane satisfies 



m m m 



n 1 n J m K 
U 1 U J 



= 



(55) 



and 



n x n 2 n 3 - m 7 m J n K U 1 U J > , 



(56) 



where U 1 denotes the complex structure modulus U 1 = R Y /Rx of the I — th 



torus with radii R ! x and R Y . 
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